Magnetic seizure therapy (MST) is a novel neurotherapeutic intervention in development for the treatment of major affective disorders. Like other neurotherapeutic strategies such as electroconvulsive therapy (ECT) or transcranial magnetic stimulation (TMS), a primary interest will be to monitor the associated neurocognitive effects. Thus, the purpose of this systematic review was to synthesize the available data on the neurocognitive effects of MST. The authors performed two independent literature searches with the following terms terms: MST, magnetic, magnetic seizure therapy, depression, neurocognition, cognitive, preclinical. We included in this review a total of eleven articles that mentioned MST and neurocognition in the abstract. The articles were divided into three methodological domains that included virtual computer simulations, preclinical studies, and clinical investigations. Collectively, the available evidence suggests MST has little to no adverse cognitive effects. Specifi cally, virtual computer simulations found the magnetic fi eld was localized to grey matter, and preclinical studies found no neurocortical or neurocognitive sequelae. Clinical investigations found MST to be associated with rapid reorientation and intact anterograde and retrograde memory. Future investigations using translational methods are warranted to confi rm these fi ndings and to further determine the effects of MST on neurocognitive functions.
Introduction
Magnetic seizure therapy (MST) is a novel neurotherapeutic intervention that is in development for the treatment of major affective disorders. The administration of MST has been described in detail elsewhere (Lisanby et al., 2003a; White et al., 2006) , but in brief it involves the use of a transcranial magnetic stimulation (TMS) device and coils (see Figure 1) to deliver a series of magnetic pulses at intensity levels suffi cient for generating a seizure while a patient is under general anaesthesia. Different MST parameters that can be altered for treatment include the magnetic coil (confi guration and placement), magnetic pulse (frequency, pulse-width, amplitude, duration), and dosage (threshold, suprathreshold). Similar to ECT, the MST parameters are integral to maximizing the ratio of effi cacy to adverse effects. For example, ECT provided with right unilateral electrode placement, ultra-brief pulse width, and titrated dose results in high effi cacy with low adverse cognitive effects, relative to other parameter confi gurations (Sackeim et al., 2008) . A recent review (Hoy & Fitzgerald, 2010) highlighted that MST parameters do affect the provision of the treatment (e.g. more reliable seizure induction with 100 Hz than 50 Hz).
The hypothesis of using magnetic pulses for the induction of therapeutic seizures appeared in the mid 1990s (Sackeim, 1994) , but it was not until 2001 that the fi rst case report was published that documented the feasibility and safety of MST (Lisanby et al., 2001b) . In that study a patient diagnosed with major depressive disorder (MDD) was treated with four MST sessions (provided at 40 Hz either with a double cone coil or a fi gure-of-eight coil) that resulted in improved mood and no change in global cognitive function. Since that time, the development of MST has been platformed on translational research methods (Rowny et al., 2009 ) that integrate virtual computer simulated, preclinical, and clinical models in order to develop it as an effi cacious convulsive therapy with little to no adverse effects, particularly in the domain of neurocognitive function.
Conceptually, MST is a hybrid of TMS and electroconvulsive therapy (ECT). The former neurotherapeutic modality produces an approximate 15% remission rate with minimal adverse effects (George et al., 2010; Janicak et al., 2008) , whereas the latter is one of the strongest antidepressants with an approximate 87% remission rate, but with moderate adverse effects (Husain et al., 2004; Semkovska & McLoughlin, 2010) . Thus, the development of MST aims to combine the optimal antidepressant effects of ECT with the minimal adverse effect profi le of TMS (Lisanby, 2002) . Technical aspects of MST support that it may have benign cognitive effects. The magnetic fi eld passes unimpeded through the scalp and skull, which allows for maximal effi ciency and limiting of the magnetic fi eld and resultant electrical fi eld to select cortical areas (Lisanby et al., 2001a) . The pulse has a dampened cosine shape and the pulsewidth is approximately 0.3ms (ultrabrief) (Lisanby et al., 2003c) . Research with ECT has suggested that the pulsewidth, pulse shape, and spread of the electrical fi eld indeed affect neurocognition (Peterchev et al., 2010; Weiner & Coffey, 1989; Weiner et al., 1986) .
The effects of neurotherapeutic interventions on neurocognitive outcomes has growingly received considerable attention (Moreines et al., 2011) . Research has found that ECT negatively affects neurocognitive function, particularly in the domains of orientation, anterograde memory, and retrograde memory (Porter et al., 2008) . For example, the negative effects on anterograde and retrograde memory can last up to 1 month and 6 months, respectively, after the last ECT session (Sackeim et al., 2007; Semkovska & McLoughlin, 2010) . Further, different ECT parameters have been associated with the degree of adverse effects (e.g. ultrabrief pulse width results in fewer negative cognitive effects relative to brief pulse width) (Loo et al., 2008; Prudic, 2008) . Of recent note, the United States Food and Drug Administration (USFDA) is considering whether ECT should be classifi ed as a Class 2 (general controls with special controls) or Class 3 (general controls with premarket approval) device due to its negative effects on neurocognition (Goodman, 2011) . Despite the antidepressant advantages conferred by ECT and its time-limited adverse cognitive effects, it is nonetheless limited by its side effects (Lisanby, 2007) . Given that MST is currently in the developmental phase, it will be important to monitor its effects on neurocognition. Thus, the purpose of this systematic review was to synthesize the available data on the neurocognitive effects of MST.
Systematic literature review methods
To accomplish the systematic literature review, we (authors M.C. and O.T.) performed independent searches in the PsycInfo (1806 -2011 ) and MED-LINE (1948 -2011 databases with the following terms: MST, magnetic, magnetic seizure therapy, depression, neurocognition, cognitive, neuropsychology, preclinical. To control for duplicate information, the results of the two independent searches were imported into and managed with Endnote (version X4 for Windows, Thomson Reuters, Carlsbad, CA). We included only those articles in this systematic review that mentioned magnetic seizure therapy (or MST) and neurocognition (or one of the variants mentioned above) in the abstract, and provided original data. As such, we included a total of eleven studies (English language literature) in this review. These studies were published between the dates of 2003 -2011, from the USA, UK and Germany, and the methodologies varied from computer virtual simulations to controlled clinical trials. 
Neurocognitive effects of magnetic seizure therapy
The 11 studies (see Table I ) found in the systematic literature review varied in terms of scientifi c methodology. Of the studies, two were based on computer virtual simulations, fi ve provided data (neurohistological and neurocognitive) from preclinical models, and the remainder assessed the effects of MST on neurocognitive functions in controlled clinical investigations.
Virtual computer simulation studies
Two studies have explored the focal propagation and fi eld strength of MST compared to ECT in computer spherical head simulations. The layers of these virtual models simulate relative thicknesses and conductivities of scalp and skull, as well as variations of cranial volume. These studies elucidate the effect of unique anatomical variants on neurostimulation modalities, particularly ECT or MST (see Figure 2 ). This Virtual Head simulation model has been found to have spatial accuracy regarding electroencephalographic (EEG) and magnetoencephalographic (MEG) source localization (Deng et al., 2009 ). Exploration of electric fi eld strength and spatial distribution demonstrate how various subcortical structures are affected by neurotherapeutic interventions, which in turn may explain variations, either positive or negative, in cognitive effects for different neurotherapeutic modalities (Deng et al., 2011) . Deng et al. compared different ECT electrode confi gurations and MST coil types to see differing effects upon neural tissue for each stimulation modality. The ECT electrode confi gurations tested included: bitemporal (BT), bifrontal (BF), right unilateral (RUL), and focal electrically administered seizure therapy (FEAST). Regarding MST coil orientations, the following coil types were tested in the computer simulated mode: cap coil (inner diameter 68 mm; outer diameter 130 mm; with 15 turns), round circle (inner diameter 44 mm; outer diameter 120 mm; with 9 turns), and double cone (2 coils of inner diameter of 96 mm; outer diameter of 125 mm; with 7 turns positioned at 120 degrees relative to one another) (Deng et al., 2011) . The study by Deng et al. found stimulation strength in both grey and white matter were substantially higher in all forms of ECT relative to MST (Deng et al., 2009 ). Brain volume stimulated by ECT was also much larger than MST, with 100% maximum volume stimulated with BL = bilateral ECT as compared to 21% of volume stimulated with MST (Deng et al., 2009 (Deng et al., , 2011 . Of importance, MST was found to only exert its stimulating effects primarily on cortical grey matter rather than deep white matter tracts. The opposite fi ndings were noted for ECT (Deng et al., 2009 ). This indicates that MST is generally more focal than ECT, regardless of the chosen electrode confi guration, and may contribute to the differential effects between the two stimulation types on neurocognitive functions. In fact, MST can produce tonic-clonic seizures at stimulation intensities 3 -6 times weaker, but with focality 10 -60 times higher than ultra-brief pulse ECT administered at 800 mA (Deng et al., 2011) . Since the electrical fi eld strength of MST stimulation is confi ned to and concentrated in the most superfi cial regions of the brain, and attenuates more rapidly in depth compared to ECT, it may spare the medial-temporal lobe structures, such as the hippocampus. Of the ECT electrode confi gurations studied, the slowest attenuation was observed in BL ECT, which also provided the strongest stimulation of subcortical structures (Deng et al., 2011) .
Regarding the anatomical variants studied in the virtual simulations, the scalp, skull thickness, and total brain volume resulted in the greatest fi eld strength. The variant of head diameter had the least infl uence on fi eld strength. Relative to ECT, MST stimulation strength was found to be less sensitive to variability of scalp, skull thickness and total brain volume (Deng et al., 2009 ). This may be due to the differences in seizure induction between ECT and MST. For example, the electrical current used for seizure propagation is impeded by the scalp and skull; however, this is not the case for the magnetic current used for seizure propagation with MST. Of the coil types used in MST, the double cone coil induced the strongest and deepest electric fi eld, and was the least affected by anatomical variation. The circle coil was observed to have the most superfi cial fi eld strength with the smallest impact on overall brain volume (Deng et al., 2011) .
Although the virtual models provide information regarding the effects of ECT and MST treatment parameters on the brain, it is unclear at this time how these models will inform neurocognitive outcomes. Further, the authors noted that the virtual stimulation models were limited by subtle anatomical inaccuracies. In living human subjects tissue layers have uneven thicknesses, and conductivity is generally non-uniform within each tissue layer. Also, openings in the calvarium such as the orbital fi ssures and external auditory meatus can provide electrical shunting through pathways of low physical resistance. These virtual head models neglected cortical foldings and deeper, subcortical structures, which may attenuate focality and fi eld strength for both MST and ECT. More anatomically accurate virtual models could inform the effects of stimulation on signifi cant subcortical structures involved in neurocognitive functions (e.g. hippocampus), which may contribute to a better understanding of the side-effect profi les for both neurotherapeutic modalities (Deng et al., 2009 (Deng et al., , 2011 . 
Pre-clinical study fi ndings: Neurohistological
Preclinical studies have investigated the neurocortical and neurocognitive sequelae of ECT and MST. Dwork et al. (2004 Dwork et al. ( , 2009 ) performed two studies that explored histological changes in neurons and glia following ECT, MST or sham therapy. Subjects ( Macaca mulatta ) underwent procedures that were based on clinical treatment paradigms. As such, treatment sessions included general anaesthesia and oxygenation, and physiological monitoring. Formalin perfusion was performed prior to removal of the brain in order to avoid confounding from pharmacological effects, hypoxia, or damage artefact prior to histological evaluation (Dwork et al., 2004) .
In the fi rst study (Dwork et al., 2004) , subjects (N ϭ 12) were randomly assigned to receive either MST, ECT or sham (anaesthesia only) treatment. Of the pathological changes found, the majority occurred in those subjects randomized to the ECT condition. Specifi cally in the ECT condition, immunoreactivity to diffuse glial fi brillary acidic protein (GFAP) in the hippocampus, amygdala, and the frontal gyrus was most pronounced, indicating astrocytic activation throughout the neural parenchyma. In the MST condition, only one subject showed a region of microscopic cortical change in the parietal lobe, and in the sham condition, only one subject showed increased eosinophilia within the CA1 region of the hippocampus. The authors reported that the isolated changes were too acute, and thus were unrelated to the MST or the anaesthesia conditions. For instance, the changes observed in those subjects could have been related to artefacts from the histological procedures. This study showed how ECT and MST affect cortical regions, though it was unable to quantify the changes in neuronal number or fi nding lesions that occur infrequently due to the small cohort size (Dwork et al., 2004) . To address these questions, the authors repeated the study in a larger cohort where they explored for specifi c changes in cortical regions important for neurocognitive functions.
The second study (Dwork et al., 2009 ) employed the same research conditions in 24 subjects who received MST, ECT or anaesthesia alone for 4 days a week over a 6-week period. The study found no effect of condition on neuronal or glial counts, densities, or volumes. Although all frontal and hippocampal subregions were evaluated for neural/glial volumes, densities and counts, only the evaluation of posterior-frontal glial density showed changes approaching statistical signifi cance. In the region most sensitive to neuronal loss, the CA 1 of the hippocampus, the differences in neuronal counts were still negligible.
Pre-clinical study fi ndings: Neurocognitive
Seizure initiation site and pattern of activation can impact neurocognitive function. Magnetic seizure therapy has limited spreading of seizure activity, and fewer neuroanatomical changes in the dentate gyrus and hippocampus. Thus, MST is hypothesized to have little or no cognitive side effects. Two preclinical studies (Moscrip et al., 2006; Spellman et al., 2008) test battery. The CUPCP was designed to measure those cognitive functions that are negatively affected by ECT including orientation, memory for newly (anterograde) and previously (retrograde) learned information, spatial working memory, and serial working memory (Spellman et al., 2008) . Moscrip et al. (2006) found overall that ECS resulted in greater impairments in both time to completion and accuracy of neurocognitive measures compared to MST or sham. For the measure of immediate learning and anterograde memory, the study found no differences in completion times or accuracy among MST, sham or baseline scores; but ECS resulted in longer completion times and decreased accuracy relative to those three conditions. Regarding performance on the serial learning test for recalling a newly learned list, mild defi cits were noted for both MST and ECS relative to sham, although MST and ECS did not significantly differ from one another. For a serial learning test measuring recall memory for old lists, the ECS condition resulted in substantial impairment relative to sham and MST (Moscrip et al., 2006) . Spellman et al. (2008) followed the study of Moscrip et al. (2006) to examine whether the neurocognitive effects of MST followed dose-dependent rules, and to examine the effects of ECS and MST on working memory for serial and spatial information. Spellman et al. followed the research method established in the Moscrip experiment, except the MST was delivered at 100 Hz for 10 s (total of 1000 pulses) with a round, pediatric-sized coil. Thus, the study compared moderate dose (MD-MST, 2.5 ϫ seizure threshold) with high dose (HD-MST, 6 ϫ seizure threshold) MST, as well as ECS and sham, in terms of neurocognitive outcome on the fi rst three measures of the CUPCP.
The study (Spellman et al., 2008) found no difference between the MD-MST and HD-MST conditions on time to complete neurocognitive measures. However, there was a difference in accuracy on two measures that required the subjects to recall previously learned information, with performance being better in the HD-MST condition relative to the MD-MST condition. The authors suggested that this could have been related to practice effects since two of the subjects had previously been exposed to the Columbia University Primate Cognitive Battery (CUPCB) stimuli. Relative to ECS, subjects showed quicker time to complete tasks in the HD-MST condition. Further, accuracy on measures of orientation, anterograde memory, and retrograde memory was signifi cantly higher in the HD-MST condition.
In this study (Spellman et al., 2008) , the CUPCB was expanded and included two working memory measures, one for spatial information and the other for serial information. On the spatial working memory measure, subjects showed decreased accuracy in the ECS condition relative to sham, but there was no difference in performance between the ECS and HD-MST conditions. However, on the serial working memory measure, accuracy was signifi cantly impaired in the ECS condition, relative to HD-MST and sham, with no difference between the latter two conditions. Cycowicz et al. (2009) noted in an experiment that compared electroencephalographic (EEG) fi ndings to the cognitive results of the Spellman et al. (2008) study, that ictal power, as measured by EEG, was greater for ECS than MST at six times the seizure threshold. Accuracy on all CUPCP tasks were unaffected by EEG power, although time to completion of the orientation task was increased proportionally to EEG ictal power (Cycowicz et al., 2009 ). Magnetic seizure therapy administered at six times the seizure threshold produced seizure morphology that was distinct from that seen in ECS. This difference between treatment modalities indicates that some of the neurocognitive adverse effects observed with ECS may be related to ictal expression.
Clinical study fi ndings
The clinical investigations of the neurocognitive effects of MST have primarily focused on the neurocognitive functions affected by ECT. These include reorientation after treatment, global cognitive function, and anterograde and retrograde memory. The research methods varied between one study that only examined the effects of MST in a case report (Kosel et al., 2003) , and others contrasting the effects of MST and ECT in a case series (Kayser et al., 2011; Kirov et al., 2008; Lisanby et al., 2003a) .
In a case report by Kosel et al. (2003) , the authors reported the clinical and neurocognitive effects of a 66-year-old patient diagnosed with severe, recurrent, non-psychotic MDD with melancholic features treated with open-label MST. The investigators measured depression severity with the 21-item Hamilton Rating Scale of Depression (HRSD-21) (Hamilton, 1967) and the Beck Depression Inventory (BDI) (Beck & Steer, 1987) , while neurocognitive function was measured with a comprehensive battery of neuropsychological tests. The battery included the M ü nchner Verbaler Ged ä chtnistest (a measure similar to the California Verbal Learning Test (CVLT) (Delis et al., 1987) ) that assesses verbal learning and memory, and the Rey Visual Design and Learning Test (Rey, 1964) to assess non-verbal learning and memory. These measures were administered 35 days before the fi rst MST treatment and 1 week after completion of the acute MST course. The study employed an adapted version of the Treatment Effects Battery (TEB) (Sackeim et al., 1986) , which consists of various brief measures (i.e. verbal fl uency, sentence recognition) in order to assess immediate, post-ictal neurocognitive effects and time to orientation. The time to orientation measure of the TEB, which assesses orientation to name, place, day of week, age, and date of birth was administered after each MST session. The complete TEB was administered immediately after MST treatment sessions 1, 4, 8, 10 and 12.
The MST stimulus was generated through a custom magnetic stimulator (Magstim Super Rapid, Whitland, Carmarthenshire) and delivered through a standard butterfl y coil with an outer diameter of 13 cm. The coil was placed on the vertex of the patient ' s skull when providing treatment. Stimulation frequency and duration were set to 50 Hz and 8 s, respectively. The pulse had a dampened cosine waveform with a pulse width twice as wide as the unmodifi ed rTMS device by the same manufacturer. Anaesthesia consisted of 0.5 -1 mg alfentanil and 0.33 -0.48 mg/kg etomidate, and muscle relaxation was accomplished with 0.93 -1.4 mg/kg succinylcholine. Kosel et al. (2003) reported several fi ndings from this study, primarily that the patient ' s depression remitted following 12 MST sessions. Other significant fi ndings included that the patient recovered on average within 5 min. This recovery time is significantly shorter relative to unilateral low, moderate, and high dosage ECT, as well as bilateral high dosage ECT. The patient ' s post treatment verbal learning and memory performance on the M ü nchner Verbaler Ged ä chtnistest signifi cantly improved after MST treatment compared to baseline. However, the authors did not provide a rationale as to why there was improvement in neurocognitive test performance one week after the last MST session.
A case series by Lisanby et al. (2003a) compared and contrasted the neurocognitive effects of MST and ECT. The study enrolled 10 patients diagnosed with MDD who were treated with an acute course of ECT. The two initial treatments were provided to determine seizure threshold for ECT as well as MST, followed by two sessions of either suprathreshold ECT or MST. Electrode placement for ECT varied with nine patients undergoing right-unilateral (RUL) ECT and the tenth patient undergoing bifrontotemporal (BL) ECT. The ECT pulse width was 0.5 ms and treatment was provided at six times the seizure threshold for RUL ECT and 2.5 times the seizure threshold for BL ECT. After the fourth treatment session, ECT was provided for all subsequent treatments. Both ECT and MST were dosetitrated (using the empirical titration method) on the fi rst session, followed by suprathreshold stimulation during subsequent treatment sessions. MST stimulus parameters were set at 60 Hz for 6.6 s, and treatment was provided using three different coil types including a fi gure-of-eight coil (7 cm diameter), double cone coil (9 and 12 cm), and a round coil (9 cm). The coils were also placed at three different sites including RUL-site F6, midline frontal site, and the vertex site.
The authors utilized a comprehensive neuropsychological battery to assess cognition in the patients undergoing neurostimulation treatments. To assess anterograde memory, the investigators utilized several measures including the TEB, Squire Memory Test (Sentences) (Shimamura & Squire, 1987) , the Buschke Selective Reminding Test (Buschke & Fuld, 1974) , and a Complex Figure Test The TEB was administered prior to and following each ECT or MST session. Patients were instructed to memorize 12 words, eight shapes (four geometrical, four nonsensical), and eight neutral faces.
The retention of these learned stimuli was immediately tested after each treatment session through recall or recognition of test stimuli. The study found that overall performance on neurocognitive tests was signifi cantly better after MST compared to ECT. For both the threshold titration and supratheshold conditions, patients recovered and oriented more quickly after MST relative to ECT. Specifi cally, in the threshold condition, patients recognized a greater number of affective faces after MST. In the suprathreshold condition, patients recognized more neutral faces and more sentences from the Squire Memory Test, as well as exhibited superior category fl uency following MST. However, recall of the Complex Figure  Test after a 20-min delay was better following ECT (Lisanby et al., 2003a) .
While the above studies administered MST at a moderate dose (50 Hz), a case series by Kirov et al. (2008) evaluated the neurocognitive effects of MST administered at 100 Hz (high-dose). As the neurocognitive effects of ECT are related in part to the stimulus dose with higher doses conferring increased adverse effects, the investigators sought to examine the safety of high dose MST. The study enrolled 11 patients diagnosed with MDD who were already undergoing ECT. Eight of these patients started their ECT course, during which each received one MST treatment in place of an ECT treatment. The treatment of the other three patients commenced with MST before they received ECT. The parameters for MST treatment were set at 100 Hz for a duration of up to 10 s with a brief pulse (340 -400 μ s). A round coil was utilized with an internal diameter of 47 mm and external diameter of 115 mm. The coil was positioned using standard 10 -20 electroencephalogram (EEG) positions. The anaesthesia regimen administered to patients included intravenous etomidate dosed at 0.15 to 0.3 mg/kg and intravenous succinylcholine to induce muscle relaxation.
A signifi cant fi nding of this study was that patients reorientated on average within 7 min after treatment with MST compared to the mean reorientation time of approximately 26 min following ECT. The study investigated the effects on several cognitive domains including verbal and visual memory, verbal fl uency and psychomotor speed; however, the results were not reported.
Another study conducted by Kayser et al. (2011) investigated the antidepressant effi cacy of combined MST and pharmacotherapy in patients with treatment resistant depression (TRD). Twenty patients with TRD were enrolled to receive 12 treatments of either MST or ECT. MST treatment parameters were set at 100 Hz with a train duration of up to 6 s, depending on the seizure threshold of each patient. A twin coil (a custom-made coil that combined two round coils (13 cm diameter)) was used to administer treatments. The ECT stimulus parameters were set at a brief pulse, with dose-titrated sessions and electrode placement following the RUL confi guration. All patients underwent general anaesthesia with intravenous propofol ranging from 1.5 to 2.5 mg/kg. Muscle relaxation was induced via intravenous succinylcholine ranging from 1 to 1.5 mg/kg.
Several domains of cognition were assessed including orientation, language, processing speed, executive function, learning and memory at baseline, at treatments 1, 4, 8 and 12 as well as 4 weeks after the fi nal treatment. Orientation was assessed by asking the patient for his or her name, date of birth, age, place, and day of the week. This was asked immediately after the patient began breathing independently. Further neuropsychological testing was then conducted 4 h after the patient had orientated. The measures employed included the TEB and the Logical Memory subtest from the Wechsler Memory Scale (WMS; specifi c edition of the WMS used was not stated). The only signifi cant difference found in the study was that MST patients ' performance was superior to their ECT counterparts on the geometrical shapes portion of the Visual Neglect Test.
Summary of fi ndings and discussion
Prior investigations of MST have found it to have little to no adverse neurocognitive effects. Converging evidence from virtual computer simulated models, preclinical, and clinical studies suggest that MST does not result in substantive impact on cortical or subcortical structures, which in turn allows for preservation of cognitive abilities. Data from virtual models showed that MST stimulation affected 21% of total brain volume and was limited only to grey matter. Preclinical data showed that MST had little impact on cortical areas and cognitive functions, even when administered at suprathreshold levels. The latter fi ndings were also observed in the clinical investigations. Collectively, these data from different study methodologies provide support for the safety of MST.
The virtual and preclinical studies of MST help to explicate the underlying neurocircuitry that subserves cognitive functions, particularly memory. With the introduction of MST, experiments were able to compare the neurocognitive effects of different modalities of seizure induction, thereby discerning the between the effects of the seizure and its mode of induction (e.g. electric, magnetic). The cognitive profi le associated with ECT is disorientation immediately after the treatment, and anterograde and retrograde amnesia following the treatment (Semkovska & McLoughlin, 2010) . The available data indicate that MST does not produce the same cognitive profi le (see Table II) which suggests that the mode of seizure induction rather than the seizure itself may be associated with adverse cognitive effects.
The clinical studies suggested that MST did not impact neurocognitive performance. Specifi cally, when administered at moderate dose ( ∼ 50 Hz), patients showed quick recovery of orientation and stable or improved performance on neurocognitive measures. Even when administered at a high dose (100 Hz), patients showed rapid recovery of orientation and preservation of cognitive abilities. However, methodological variability between the clinical investigations that included different MST parameters, treatment course length, and neuropsychological measures, prevent fi rm conclusions. For example, in the Lisanby et al. (2003a) study, only two MST sessions were administered at moderate dose with different coil confi gurations, whereas the patients in the Kayser et al. (2011) completed 12 treatments at high dose with a twin coil. Research on ECT has found an association between stimulus dose, treatment course length, electrode confi guration, and neurocognitive effects (McCall et al., 2000; Sackeim et al., 2007) . Thus, further examination of different MST parameters and treatment algorithms is needed to evaluate the effects, if any, on neurocognitive function.
Regarding neuropsychological measures, the clinical studies included at minimum a measure of orientation, one study (Lisanby et al., 2003a) only measured cognitive effects immediately after MST with the TEB, and two studies (Kayser et al., 2011; Kosel et al., 2003) utilized the TEB and additional cognitive measures to assess postictal and end of treatment effects. As such, there was limited information regarding the effects on other cognitive domains such as executive function, working memory, and processing speed which are interrelated with memory functions (Reid & Krasnegor, 1996) . Future studies should employ neurocognitive measures that assess multiple domains to comprehensively examine neurocognitive effects, are psychometrically sound with available demographic-adjusted normative scores, and have equivalent alternate forms to prevent practice effects. Also, future studies are needed to replicate and extend these early fi ndings (e.g. effects on visuospatial reproduction) to determine the neurocognitive profi le of MST, and to establish whether the profi le mimics or is different than ECT.
In conclusion, the available studies that examined the neurocognitive effects of MST found it to be a cognitively safe neurotherapeutic intervention. The evidence also suggests that MST and ECT are different in terms of their seizure propogation and focality, two variables that may account for their respective differential neurocognitive effects. Further research with translational methods that combines virtual computer simulations with preclinical and clinical investigations is warranted to comprehensively characterize the neurocognitive effects on other domains such as working memory and executive function, and then to link those effects to the underlying neurocircuitry. Such investigations would aid in the development, and help to confi rm and establish MST as a cognitively benign therapeutic modality to treat severe mood disorders.
Take home points
Magnetic seizure therapy (MST) does not appear (1) to negatively impact cortical and subcortical areas that govern neurocognitive functions. Available preclinical and clinical evidence sug- (2) gest that magnetic seizure therapy (MST) does not adversely impact neurocognitive functions.
Future directions
The development of magnetic seizure therapy (1) (MST) would benefi t from continued research combining multimodal methods to inform any effects on cortical and subcortical areas, and neurocognitive functions. Large scale clinical investigations are warranted to (2) determine the neurocognitive effects of magnetic seizure therapy treatment parameters including dosing algorithms and coil confi gurations. Retrograde memory Amnesia for autobiographical and public information that can last up to 6 months * The neurocognitive effects of magnetic seizure therapy (MST) may vary depending on treatment parameters including coil type, coil placement, and dosage. Similarly, the neurocognitive effects of electroconvulsive therapy (ECT) may vary depending on the treatment parameters including stimulus wave form, dose-titration and electrode confi guration.
